Introduction
Recently, hot rolling with severely high reduction has been developed to make ultra-fine grained steels. 1, 2) The high reduction causes some problems such as an increase of the rolling force, the occurrence of friction pick up and so forth. To solve these problems, new tribological systems based on lubricant and roll must be developed. To enable this, the lubrication behavior at the interface between roll and workpiece in hot sheet rolling must be quantitatively understood. 3, 4) Therefore, to consider the lubrication behavior, it is desirable that the coefficient of friction under a wide range of tribological conditions is obtained. To measure the coefficient of friction, the authors 5) developed a new simulation testing machine. From these measured coefficients of friction, the lubrication model at the interface between roll and workpiece in hot sheet rolling of steel was proposed. 6, 7) Moreover, we investigated the effects of the lubricant, the surface roughness of roll and the rolling speed on the coefficient of friction in hot rolling using the simulation testing machine. [8] [9] [10] The lubrication mechanism in hot rolling was discussed on the base of the experimental results. Next, the effect of the scale on the coefficient of friction in hot rolling is investigated. Although there have been a few papers concerning the effect of the scale on the coefficient of friction, 11, 12) little detail or quantitative discussion is given in these papers.
In this paper, using the simulation testing machine developed by the authors, the coefficient of friction is measured by changing the scale thickness of low carbon steel. From the obtained coefficients of friction, the effect of the scale on the coefficient of friction in hot sheet rolling of steel is quantitatively investigated in detail. Figure 1 shows a schematic representation of the simulation testing machine used to evaluate the lubrication behavior in hot sheet rolling. This testing machine consists of a
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KEY WORDS: hot rolling; scale; coefficient of friction; emulsion; low carbon steel. main stand, a substand, a furnace and a tension device. An infrared image furnace is set between the main stand and the substand. The rolling speed of the main stand can be continuously increased to 207 m/min using a 37 kW DC motor, a timing belt and an electrically operated friction clutch. The rolling speed of the substand can be varied from one-sixth to one-twentieth of the rolling speed of the main stand using the timing belt and the reducing gear. The speed of the workpiece strip can be varied from one-sixth to one-twentieth of the rolling speed of the main stand using the substand.
Measurement of Coefficient of Friction
When the neutral point moves away from the exit point in the upper roll of the main stand, the strip starts to skid. This simulation of rolling is similar to the slip rolling with back tension. Figure 2 shows a schematic representation of the simulation method. As shown in Fig. 2(a) , the strip is first set on the table and a load of about 26 kN is applied at the substand. Then, the strip edge is clamped with the chuck of the tension device and a load of about 0.9 kN is applied. The strip is heated at a given temperature for a constant time using the infrared image furnace. As shown in Fig.  2 (b), the strip with front tension next moves to the main stand by the rolling in the substand. Next, as shown in Fig.  2 (c), as the heated zone of the strip reaches the main stand, the heated strip is compressed at a given rolling reduction by the upper roll and the strip is rolled at a constant sliding speed. It has been shown that the simulation method involving the slip rolling of the simulation testing machine is acceptable for examining the effect of the rolling reduction on the coefficient of friction in order to examine the effect of the reduction in thickness on the coefficient of friction in normal rolling. Under these conditions, the rolling force P and the torque of the upper roll G are measured. The coefficient of friction can be calculated from P and G using the equation (1) where R is the roll radius. The coefficient of friction is used to understand the lubrication behavior at the interface between roll and workpiece.
Experimental Procedure
The workpiece material used is low carbon steel, whose chemical composition is summarized in Table 1 . The strip with a thickness of 9 mm, a width of 22 mm and a length of 2 750 mm is used. The material of the upper roll of the main stand is SKD61 and the diameter is 100 mm. The surface roughness is controlled at a constant surface roughness of 0.2 mmRa using No. 280 Emery paper. The strip is set on the table as shown in Fig. 2 . The strip edge is clamped with the chuck of the tension device and the strip is compressed by the rolls of the substand.
The strip is heated to 800°C using the infrared image furnace. The atmosphere in the infrared image furnace is controlled using Ar gas. The scale thickness on the workpiece is controlled by the flow rate of Ar gas and the heating time at 800°C in the infrared image furnace. The chemical composition of the scale on the steel substrate is determined by electron probe microanalysis (EPMA, EPMA8705, Shimadzu).
The experiments are carried out under constant rolling conditions of a velocity ratio of 20, a rolling speed of 50 m/min and a furnace temperature of 800°C, with the rolling reduction varied from 0.3 to 1.0 mm. Colza oil is used as the base oil. The emulsion concentrations are 0.1 and 3 mass%. The emulsion temperature is controlled at 40°C. The emulsion is supplied at a rate of 1.4 L/min is at the exit side of the roll surface using a flat nozzle. The separating rolling force and the torque are measured.
© 2010 ISIJ Figure 3 shows photographs of the cross section of the low carbon steel after heating for different scale thicknesses. Layers of scale with different thicknesses, which are obtained by controlling of the flow rate of Ar gas and the heating time at 800°C in the infrared image furnace can be observed on the steel substrate in Fig. 3. Figure 4 shows the relationship between coefficient of friction and scale thickness at a rolling reduction of 0.3 mm with emulsion concentrations of 3.0 and 0.1 mass%. The coefficient of friction at an emulsion concentration of 3.0 mass% becomes constant above a scale thickness of 60 mm, whereas below 60 mm the coefficient of friction increases significantly with decreasing scale thickness. On the other hand, at an emulsion concentration of 0.1 mass% the coefficient of friction increases gradually with increasing scale thickness above 60 mm, whereas below 60 mm the coefficient of friction is similar to that at an emulsion concentration of 3.0 mass%. Figure 5 shows the relationship between coefficient of friction and scale thickness at a rolling reduction of 0.5 mm with emulsion concentrations of 3.0 and 0.1 mass%. The coefficient of friction at an emulsion concentration of 3.0 mass% is similar to the corresponding value for a rolling reduction of 0.3 mm. On the other hand, at an emulsion concentration of 0.1 mass% the coefficient of friction is larger than that at an emulsion concentration of 3.0 mass% in the entire range of scale thickness. The coefficient of friction increases slightly with increasing scale thickness above 60 mm, whereas below 60 mm the coefficient of friction decreases with increasing scale thickness. Figure 6 shows the relationship between coefficient of friction and scale thickness at a rolling reduction of 1.0 mm with emulsion concentrations of 3.0 and 0.1 mass%. The coefficient of friction at an emulsion concentration of 3.0 mass% becomes constant over a scale thickness of 110 mm, below 110 mm the coefficient of friction increases abruptly and at 15 mm the pick up occurs. On the other hand, at an emulsion concentration of 0.1 mass% the coefficient of friction is larger than that at an emulsion concentration of 3.0 mass% in the entire range of scale thickness. The coefficient of friction becomes constant above 110 mm, whereas below 110 mm the coefficient of friction increases abruptly and at 15 mm the pick up occurs.
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Discussion
In order to quantitatively discuss the effect of the scale thickness on the coefficient of friction in hot rolling, Figs. 7 and 8 show the relationship between coefficient of friction and scale thickness at emulsion concentrations of 3.0 and 0.1 mass%, respectively with rolling reductions of 0.3, 0.5 and 1.0 mm. From the results in Figs.7 and 8 , the mechanism of the increase in the coefficient of friction when the scale thickness is reduced is discussed. Figure 9 shows photographs of the workpiece surface after rolling at emulsion concentrations of 0.1 and 3 mass% with a rolling reduction of 0.3 mm. Above a scale thickness of 60 mm, cracks due to the fracture of the scale are observed and the degree of cracking increases with increasing scale thickness at both emulsion concentrations. At a scale thickness of 15 mm, white zones, in which the scale has been removed from the workpiece surface, are observed at both concentrations. Figure 10 shows photographs of the workpiece surface © 2010 ISIJ after rolling at emulsion concentrations of 0.1 and 3 mass% with a rolling reduction of 0.5 mm. Above a scale thickness of 60 mm, fracture cracks are observed and the degree of the cracking increases with increasing scale thickness at both emulsion concentrations. At a scale thickness of 15 mm, white zones are similarly observed at both concentrations. Figure 11 shows photographs of the workpiece surface after rolling at emulsion concentrations of 0.1 and 3 mass% with a rolling reduction of 1.0 mm. Above a scale thickness of 60 mm, fracture cracks are observed and the degree of cracking increases with increasing scale thickness at both emulsion concentrations. At a scale thickness of 60 mm, white zones are observed at both concentrations.
From the photographs of the workpiece surface observed in Figs. 9, 10 and 11, the cause of the coefficient of friction for a scale thickness of 15 mm at rolling reductions of 0.3 and 0.5 mm and for a scale thickness of 60 mm at a rolling reduction of 1.0 mm is the removal of scale from the workpiece surface as shown by the white zones. In these zones, it is considered that the coefficient of friction is increased by the contact between roll surface and steel substrate of workpiece. The appearance of the roll surface after rolling for the specimen with a scale thickness of 15 mm is shown in Fig. 12(a) , whereas that the specimen with a scale thickness of 110 mm after rolling is shown in Fig. 12(b) . The black layer can be observed on the roll surface, correspon- ding to the white zones on the workpiece surface in the former case. On the other hand, as the roll surface is clear in the latter case. From the difference between the two roll surfaces, it is considered that the scale compositions are different for the specimens with different scale thicknesses. Figure 13 shows the intensity distributions of iron and oxygen across a section of the workpiece section with a scale thickness of 110 mm obtained from EPMA analysis. It can be observed that in the surface layer up to a depth of about 10 mm, the oxygen intensity is greater than the iron intensity, so that the chemical composition is Fe 3 O 4 and in the layer from 10 mm depth to the interface between scale and steel substrate, the iron intensity is almost equal to the oxygen intensity, so that the chemical composition is FeO. Figure 14 shows the results of EPMA analysis across a section of the workpiece with a scale thickness of 60 mm. In Fig. 14, it can be similarly observed that in the surface layer up to a depth of about 10 mm, the oxygen intensity is greater than the iron intensity, so that the chemical composition is Fe 3 O 4 , whereas from 10 mm to the interface between scale and steel substrate, the iron intensity is almost equal to the oxygen intensity, so that the chemical composition is FeO. Figure 15 shows the results of EPMA analysis across a section of the workpiece section with a scale thickness of 15 mm. In Fig. 15 , it can be observed that in the surface layer up to a depth of about 10 mm, the oxygen intensity is greater than the iron intensity, so that the chemical composition is Fe 3 O 4 , whereas from 10 mm to the interface between scale and steel substrate, the iron intensity is almost equal to the oxygen intensity, so that the chemical composition is FeO.
From these analyses, the FeO layer of the specimen with a scale thickness of 15 mm is much thinner than those of the specimens with scale thicknesses of 110 and 60 mm. The composition of the specimen with a scale thickness of 15 mm is significantly different from those of the specimen with scale thickness of 110 and 60 mm. The scale of the specimen with a scale thickness of 15 mm is removed from the workpiece surface, resulting in the formation of the white zones on the workpiece surface and the black layer on the roll surface after rolling. Consequently, it is considered that this leads to the increased coefficient of friction for the specimen with a scale thickness of 15 mm.
Conclusions
(1) At an emulsion concentration of 3 mass%, the coefficient of friction at rolling reductions of 0.3 and 0.5 mm remained constant above 60 mm, whereas below 60 mm it increased with decreasing scale thickness. The coefficient of friction at a rolling reduction of 1.0 mm remained constant over 110 mm, whereas below 110 mm it increased with decreasing scale thickness.
(2) At an emulsion concentration of 0.1 mass%, the coefficient of friction at a rolling reduction of 0.3 mm increased with increasing scale thickness above 60 mm, whereas below 60 mm it increased with decreasing with scale thickness. The coefficient of friction at a rolling reduction of 0.5 mm increased with increasing scale thickness above 110 mm, whereas below 110 mm it increased with decreasing with scale thickness. The coefficient of friction at a rolling reduction of 1.0 mm remained constant above 110 mm, whereas below 110 mm it increased with decreasing scale thickness. (3) The increase in the coefficient of friction for the specimens with a thinner layer of scale was due to the formation of white zones, in which the scale was removed from the workpiece surface. For these specimens, the ratio of the Fe 3 O 4 layer of the scale surface was higher and the black layer was observed on the roll surface after rolling.
